A spiration pneumonia is an important cause of morbidity and mortality in persons age 60 and older, in both independent living and institutionalized populations. 1, 2 In the United States, there are an estimated 200,000 cases of aspiration pneumonia per year, accounting for more than 15,000 deaths. 3, 4 Proportionately, older patients and those with long institutional stays are most often affected. 2, 5, 6 Aspiration pneumonia is also an important contributor to added length of stay in Department of Veterans Affairs (VA) hospitals throughout the country. 7 The oral cavity has long been suspected to be a source of the organisms responsible for aspiration pneumonia. Oral anaerobes have been implicated in particular. 3, [8] [9] [10] Collecting samples directly from the trachea, to avoid oral contamination, Bartlett et al. 3, 8 have shown oral anaerobic organisms to be present in sputum. This suggests that a diseased oral cavity would be a particularly likely source of pathogens. 11, 12 The relationship between oral diseases and pulmonary diseases in general has been previously reported. 9, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] While there are few studies relating aspiration pneumonia risk to specific oral diseases, we previously reported that the number of decayed teeth was significantly related to incidence of aspiration pneumonia, while controlling for other important risk factors, including functional status, presence of tube feeding, number of medications, smoking status, and multiple comorbid illnesses. 7 This current report extends that previous analysis by including additional oral microbiological and immunological factors to further investigate relationships between aspiration pneumonia and oral health status.
METHODS
Patients in the outpatient clinics, inpatient wards, and nursing home of the Ann Arbor, Michigan, VA Medical Center, age 55 and older, were recruited for an ongoing, prospective study begun in 1990. The institutional review boards for human subject research of the University of Michigan and the VA Medical Center in Ann Arbor approved the conduct of this study, and all subjects provided informed consent to participate in this study. At entry to the study, no newly enrolled subjects were hospitalized with pneumonia as the admission diagnosis. This study included yearly follow-up visits for dental examinations and prospective medical follow-up for development of pneumonia. Details of data and specimen collection and assay procedures have already been described. 17, 18 Briefly, data collected at the initial and follow-up visits consisted of the following: (1) a face-to-face interview with items for demographic data, detailed medical and dental history of past illnesses and conditions, current conditions, current medications, functional status, xerostomia complaints, dietary intake, health-related behaviors (e.g., tobacco use, alcohol use, personal oral hygiene, dental care utilization, exercise, and sleep patterns), and self-perceptions and beliefs regarding health status; (2) a records review of the medical chart and hospital database; (3) a comprehensive clinical dental examination to assess the status of dentition with respect to oral hygiene, dental caries, periodontal disease, number of teeth, masticatory potential based on number of opposing natural or prosthetic tooth pairs, and presence of removable prostheses. Specimens collected at these visits included (1) saliva for assays of salivary constituents and salivary IgA antibodies to selected periodontopathic and cariogenic organisms and (2) saliva, throat mucosal, and supra-and subgingival plaque samples for detection of selected aerobic and anaerobic plaque species.
After the baseline visit, study participants were seen at yearly intervals for the interview, dental examination, and specimen collection. Medical record reviews were updated after yearly examinations. This annual follow-up continued for up to nine yearly visits, or until the subject's death. A single nurse clinician reviewed the database entries and medical records of hospitalized study participants for pneumonia diagnoses from June 1990 to December 1998. When episodes of pneumonia were identified, the medical record for each incidence was reviewed for evidence of fever, rise in white blood cell count, clinical signs, chest radiograph, presence of pleural fluid or empyema, and positive respiratory fluid cultures or Gram stain. The same panel, consisting of a geriatrician, a geriatric cardiologist, and a pulmonary physician, reviewed and evaluated all suspected cases of aspiration pneumonia. The following criteria were used for pneumonia diagnosis: positive respiratory fluid cultures, an infiltrate visible on the chest radiograph, the pulmonary physician's assessment that aspiration-type pneumonia was present, and clinical findings compatible with the diagnosis of aspiration pneumonia. Clinical findings supporting a diagnosis of aspiration pneumonia included body temperature greater than 99.5 Њ F; observed aspiration; white blood cell count showing a rise of 5,000 cells/mm 3 or greater; the opinion of the attending physician that pneumonia was present; appropriate auscultatory findings; characteristic symptoms including fever with cough, sputum production, dyspnea, or pleuritic chest pain; or positive pleural fluid cultures. Cases were required to have a chest radiograph examined by the pulmonary physician. Cases considered by the pulmonary physician to have a strong alternate diagnosis or with a chest infiltrate due to other causes, such as pulmonary embolus or infarction, pulmonary fibrosis, or lung cancer, were excluded. Additionally, cases considered to be communityacquired were excluded. Controls were enrolled subjects who did not develop any type of pneumonia, aspiration or nonaspiration, as determined by medical record and chest radiograph review.
Statistical analyses included bivariate and multivariate analyses to test for associations between aspiration pneumonia and the presence of common plaque-and periodontal disease-or dental caries-associated microorganisms, sIgA antibodies to a panel of periodontal pathogens, presence of selected respiratory pathogens in saliva and throat cultures, clinical oral health measures for hygiene, dental caries and periodontal disease, and previously recognized medical conditions and functional status measures. Statistical significance was set at the .05 level. Two separate multivariate logistic regression models of risk factors for incidence of aspiration pneumonia were constructed. One model evaluated only dentate subjects and included dental variables such as measures of periodontal disease and dental caries, presence of bacteria known to be etiological factors in dental caries and periodontal infections, and medical and functional status variables. A second model included both dentate and edentulous subjects and excluded variables that were specific to dentate subjects (e.g., measures of periodontal disease, dental caries, and dental plaque bacteria).
RESULTS
Fifty subjects developed aspiration pneumonia during the study period, 28 of whom were dentate. Table 1 presents baseline demographic characteristics for subjects included in these analyses. There are two groupings for the data: one for the 218 dentate subjects and another that includes all 358 subjects (dentate and edentulous). There were significant differences in the incidence of aspiration pneumonia when analyzed by subject's residence status at time of entry in the study (outpatient, inpatient, or nursing home) for the dentate group ( P ϭ .03) and the edentulous plus dentate group ( P ϭ .001). The age ranges were similar for those with and without aspiration pneumonia in both the dentate and edentulous plus dentate groups. There was no significant relationship between education and aspiration pneumonia. The small number of nonwhite subjects with aspiration pneumonia precluded detection of significant differences in the distributions of aspiration pneumonia incidence by race/ethnicity.
In the dentate subjects, the presence of Porphyromonus gingivalis ( P. gingivalis ) in dental plaque (odds ratio (OR) ϭ 2.7; 95% confidence interval (CI) ϭ 1.3-5.3) and of Streptococcus sobrinus ( S. sobrinus ) (OR ϭ 2.3; 95% CI ϭ 0.9-5.9) and Staphylococcus aureus ( S. aureus ) in the saliva (OR ϭ 4.3; 95% CI ϭ 2.0-9.3) was significantly higher in subjects with aspiration pneumonia ( Table 2) . The dentate subjects with aspiration pneumonia tended to have more decayed teeth ( P ϭ .06) and had noticeably higher proportions of subjects with visible dental plaque (OR ϭ 2.1; 95% CI ϭ 0.9-5.1). The presence of S. aureus (OR ϭ 4.3; 95% CI ϭ 2.0-9.4) and S. sobrinus (OR ϭ 2.0; 95% CI ϭ 0.9-3.7) in the saliva among the dentate plus edentulous group was similarly more likely in subjects with aspiration pneumonia. Other oral health characteristics were not remarkably different for those with and without aspiration pneumonia in either group. Table 3 shows the distributions of selected baseline behavioral, functional, and medical characteristics as a function of baseline dentate status and aspiration pneumonia status at follow-up. There were notably higher proportions of subjects in the dentate group with an episode of aspiration pneumonia who needed help with feeding (36%, OR ϭ 3.2, 95% CI ϭ 1.3-7.5), were current smokers (15%, P ϭ .08), had chronic obstructive pulmonary disease (COPD) (20%, OR ϭ 1.9, 95% CI ϭ 0.9-3.9), had diabetes mellitus (22.5%, OR ϭ 2.2, 95% CI ϭ 1.1, 4.4) or had congestive heart failure (20%, OR ϭ 2.1, 95% CI ϭ 0.8-5.6). There were no significant differences in proportions of subjects with aspiration pneumonia based upon reported alcohol consumption ( P ϭ .09), needing help brushing (OR ϭ 1.6, 95% CI ϭ 0.4-6.2), or stroke (OR ϭ 1.3, 95% CI ϭ 0.6-3.0). In the dentate plus edentulous group, the bivariate patterns for needing help eating, diabetes mellitus, and COPD were similar to those shown for the dentate group, but there were no noteworthy differences based on presence of congestive heart failure.
Two separate multivariate logistic regression models, one limited to the analysis of dentate subjects and a second including both dentate and edentulous participants, were developed for the outcome cumulative incidence of aspiration pneumonia (Table 4) . The model restricted to dentate subjects provided estimates for several medical, dental, and bacteriological parameters that were significantly associated with the subsequent diagnosis of aspiration pneumonia. Needing help with feeding was the most prominent parameter with an OR ϭ 13.9 (95% CI ϭ 3.2-60.8). Significant medical conditions included presence of COPD (OR ϭ 4.7; 95% CI ϭ 1.6-14.3) and diabetes mellitus (OR ϭ 3.5; 95% CI ϭ 1.2-9.8). Significant dental variables were number of decayed teeth (OR ϭ 1.2; 95% CI ϭ 1.1-1.4, for each additional decayed tooth) and number of functional (dental) units (OR ϭ 1.2; 95% CI ϭ 1.02-1.4). The presence of S. aureus (OR ϭ 7.4; 95% CI ϭ 1.8-30.5) and of S. sobrinus (OR ϭ 6.2; 95% CI ϭ 1.4-27.5) in the saliva, and the presence of the periodontopathogen P. gingivalis in dental plaque (OR ϭ 4.2; 95% CI ϭ 1.6-11.3) were also significant. This model had a sensitivity of 0.82 and a specificity of 0.70 at a P -level of.10, supporting it as a reasonable fit to these data.
When all subjects were included in the regression model, the significant effects persisted for subjects needing help eating (OR ϭ 4.7; 95% CI ϭ 1.9-11.6), presence of COPD (OR ϭ 2.5; 95% CI ϭ 1.3-5.0), and presence of S. aureus (OR ϭ 8.3; 95% CI ϭ 2.8-24.7) in the saliva. There was a tendency for the risk to be greater in those with diabetes mellitus (OR ϭ 1.7; 95% CI ϭ 0.9-3.5) although the 95% CI included the null value. This model had a sensitivity of 0.66 and a specificity of 0.71 at a P-level of .12.
DISCUSSION
Our analyses of the cumulative incidence of aspiration pneumonia have provided statistically significant estimates for putative oral health-related risk factors in two clinically plausible and complementary models. These factors include dental caries (number of decayed teeth), presence of S. sobrinus in saliva, the presence in dental plaque of an important periodontal pathogen and Gram-negative anaerobe, P. gingivalis, and functional dental units. Bartlett et al. had suggested that the oral cavity could be the source of some of the bacterial species that cause aspiration pneumonia. 19 Dental and oral factors have previously been implicated in aspiration pneumonia risk, 7,9,20,21 but there has been limited quantification of the association of specific microbiological parameters in multivariate models that include other established medical risk factors and comorbid illnesses and conditions. The models derived from our analyses included statistically significant effects for risk factors previously recognized as important in the etiology of aspiration pneumonia (needing help eating, a measure of compromised functional status; COPD, an indicator of compromised lung function; and diabetes mellitus, associated with impaired host response) and for clinically and microbiologically related dental/oral factors. While the model including edentulous patients could not test the effects of factors associated with having teeth, it nevertheless produced estimates that included significant effects for presence of S. aureus in the saliva in addition to established risk factors for aspiration pneumonia. The results of these two models are complementary in that the dentate model identifies and quantifies modifiable dental health-related potential risk factors, while the model including edentulous subjects provides estimates that serve to support the credibility of the data and analytic approach used.
Both models include a significant effect for the variable, "needs help eating." Previously in this population of subjects we reported that a dependency upon others for eating was a significant risk factor for aspiration pneumonia (OR ϭ 20). 7 This was also found to be true for dental caries in a multivariate model that assessed a comprehensive set of risk factors for aspiration pneumonia. 7 Our finding for "needs help eating" is consistent with an earlier report describing increased risk for aspiration pneumonia in individuals with compromised functional capacity. 4 This is consistent with reports of clinical situations where health providers who may be rushed place too much food in the patient's mouth and do not wait for a full swallow. 7 Langmore et al. 7 hypothesize that this potential "forcefeeding" might result in unrecognized aspiration of a mixture of saliva, food, or liquid being fed and oral flora. An example of an intervention designed to implement "safe *For conditions with two categories, the association with aspiration pneumonia uses odds ratio calculations. For conditions with three categories, the association with aspiration pneumonia uses a chi-square test with P-values. These parameters are presented in the text describing this table. † The number of subjects reported for some variables is less than the total numbers due to missing data. ‡ Values are identical to those for the dentate subset of subjects. § Percentages of subjects in each row for each category of the variable by dentate and pneumonia status are shown in parentheses. SD ϭ standard deviation; NA ϭ not applicable.
feeding" is the Silver Spoons Program, begun in the Miami VA Medical Center, where nurses and volunteers have been taught safer feeding techniques. 22, 23 A significant role for COPD in the model is reasonable in view of the likelihood of poor pulmonary clearance in these patients and is consistent with its frequent occurrence as an underlying disease commonly associated with pneumonia. Smoking was not found to be a significant factor associated with aspiration pneumonia in the model, probably reflecting the large number of patients in our study, both with and without COPD, who were past or current smokers.
Diabetes mellitus has been recognized as a common comorbid illness in both nosocomial and communityacquired pneumonia. [24] [25] [26] Hence its inclusion as a covariate in the models strengthens the credibility of our result. Diabetes mellitus is recognized to predispose to infection in general 27 although this concept has been challenged, both for infection in general 28 and with respect to pneumonia. 5 Others have suggested that diabetes mellitus adversely affects host resistance to certain infections, including those associated with Gram-negative anaerobes. [29] [30] [31] Individuals with diabetes mellitus have been observed to have a higher prevalence of Gram-negative bacilli than age-and socioeconomic status-matched control subjects 32 and are at greater risk for periodontal infection. 33, 34 The presence of S. aureus in saliva was found to be significant in both models. S. aureus and other respiratory pathogens can colonize the mouth and their presence would be independent of the presence or absence of teeth. This could explain why S. aureus was the only bacterial species monitored that was significantly associated with aspiration pneumonia in both models (Table 4) . Components of the oral cavity, such as teeth (particularly cavitated lesions), oral mucosal surfaces, saliva, dental plaque, and denture surfaces, are potential reservoirs for colonization by potential respiratory pathogens. 8, 10, 12, 16, 35, 36 S. aureus is a recognized and increasingly common organism found in nosocomial pneumonia in older people. 4, 20, 37 Others have reported significantly more dental plaque and higher colonization by S. aureus (and other respiratory pathogens) of the teeth and oral mucosa of medical intensive care unit (ICU) patients compared with nonhospitalized controls in both a VA hospital 38 and a community hospital. 9 Note: Percentages of subjects in each row for each variable by dentate and pneumonia status are shown in parentheses. *For conditions with two categories, the association with aspiration pneumonia uses odds ratio calculations. For conditions with three categories, the association with aspiration pneumonia uses a chi-square test with P-values. These parameters are presented in the text describing this table. NA ϭ not applicable; COPD ϭ chronic obstructive pulmonary disease.
Previous investigators have reported a relationship between periodontal disease and aspiration pneumonia. 8, 9, 12 The presence of P. gingivalis, an important Gram-negative anaerobic periodontal pathogen 39 in the supragingival plaque, associates oral colonization by periodontal pathogens with risk for aspiration pneumonia in the dentate subject model. P. gingivalis and several other periodontal pathogens are proteolytic organisms capable of degrading fibronectin. 40 It has been hypothesized that the proteolytic activity of a periodontopathic bacterium could alter the fibronectin-coated oral mucosal epithelial cell surfaces, thereby compromising a protective barrier and enabling colonization of oral mucosal surfaces with potential respiratory pathogens. 11, 41 This result gives additional quantitative support to previous reports and impressions of the importance of periodontal disease as a potential risk factor for aspiration pneumonia. 8, 9, 12 The relationship between the number of teeth with dental decay and aspiration pneumonia was shown previously. 7, 8, 12, 13, 36 It is augmented in the present report by the finding of a significant association between the presence of S. sobrinus in saliva and aspiration pneumonia (OR ϭ 6.2, Table 4 ). S. sobrinus is a cariogenic microorganism found in dental plaque. 42 In addition to its role as a cariogenic organism and previously reported association with dental caries in this population, S. sobrinus has been significantly associated with complaints of xerostomia and a salivary pH Ͻ6.4 in these subjects. 17 This suggests that its relationship to aspiration pneumonia may reflect some aspect of xerostomia in these subjects. Xerostomia had been proposed previously as a possible risk factor for aspiration pneumonia because it would serve to concentrate the number of bacteria per milliliter of saliva. 11 Data on S. sobrinus as a cause of pneumonia are limited, although it has been noted in collections of anaerobes implicated in aspiration pneumonia and lung abscess. 3, 8, 20 Finding S. sobrinus and P. gingivalis as significant risk factors associated with aspiration pneumonia does not dictate any change in current antibiotic approaches to treatment, since both of these organisms usually are sensitive to penicillin, cephalosporins, and other commonly used antibiotics for aspiration pneumonia. Other adjustments in antibiotic therapy of aspiration pneumonia may be needed in the future as more patients experience changes in oral colonization and as more patients aspirate S. aureus or resistant organisms while in the institutional setting.
The interpretation of the finding that functional units are a significant factor in the model is as yet undetermined. As mentioned previously, a functional unit is defined as a pair of teeth (natural or prosthetic) that can contact each other in chewing. 43 The importance of the number of functional units may reflect availability of a greater surface area for dental plaque load.
The constellation of covariates for the model that includes edentulous participants included all the nondental variables. For each covariate, except diabetes mellitus, the effects were statistically significant. We chose to retain diabetes mellitus in the model because of its clinical relevance and because its removal did not substantially change the model fit or any of the other effect estimates. The estimated effect of diabetes mellitus, while not quite reaching statistical significance at P ϭ .05, was nevertheless noteworthy (OR ϭ 1.7; 95% CI ϭ 0.9-3.5).
Results from this study suggest that various interventions, in addition to the usual intervention of elevating the head of the patient's bed, may be helpful in reducing the incidence of aspiration pneumonia in older patients. Our results support giving high priority to careful training of persons who feed patients and to use of measures to reduce the severity of COPD, such as smoking cessation assistance. Additionally, our results support providing dental care to reduce the dental plaque load and to treat dental caries and periodontal disease. Dental treatment should lead to significant reductions in the presence of Gram-negative anaerobic periodontal pathogens like P. gingivalis, cariogenic organisms, cariogenic activity, and cavitated lesions. For both dentate and edentulous patients, effective oral hygiene measures could also reduce the presence of S. aureus in the oral cavity.
CONCLUSION
This study provides evidence supporting dental decay, presence of cariogenic bacteria, and periodontal pathogens as potentially important risk factors for aspiration pneumonia. These dental health-related factors were significant in multivariate models after controlling for established medical risk factors. Reducing aspiration pneumonia incidence may be one outcome of programs to improve oral health in community-living and institutionalized older people. One logical next step would be to conduct further investigations to test for a beneficial effect of oral healthcare programs on the incidence of aspiration pneumonia in older people.
